Introduction
Freshwater aquaculture plays a very significant role in global aquaculture production. In 2011, 56.8% of the global aquaculture production was freshwater fishes, and output amounted to 35.6 million tons [1] . Grass carp (Ctenopharyngodon idellus) is one of the most important freshwater fish that is native to China, and it plays an important role in aquaculture with 4.57 million tons produced in 2011, the highest in fish production worldwide [1] . In China, the grass carp industry aims to increase the production of value-added products in order to improve profitability [2] , and crisp grass carp is a kind of high value-added fishes which have firmer muscle and higher contents of crude protein, fat, and amino acids than grass carp [3] [4] [5] . Currently in Guangdong province of China, the crisp grass carp has become an economically important freshwater fish because of its increased muscle firmness (hardness).
Fillet firmness of fish is an important quality trait for consumer acceptance in many studies with Chinook and Atlantic salmon [6, 7] , channel catfish [8] , and gilthead sea bream [9] . Muscle firmness is associated with the intrinsic structure and properties of components of the flesh. It has been found in many studies that firmness is influenced by muscle fiber density, muscle fiber diameter, and intermyofibrillary spaces and gaps [10] [11] [12] [13] . These factors are determined by changes in the cellularity of skeletal muscle [14, 15] . The changes in cellularity will contribute to changes in the quality of the skeletal muscle, and since this tissue is the part of the fish destined for human consumption, it may have important economic value [16] .
Sole faba bean (Vicia faba) feeding differentially enhances muscle firmness of grass carp and the grass carp with higher muscle firmness is called crisp grass carp [17] . Although the composition of faba bean is complex, common characteristic of muscle firmness increase is also demonstrated in other fishes feeding on faba bean including European seabass (Dicentrarchus labrax) [18, 19] and channel catfish (Ictalurus punctatus) [20] . In the previous studies of crisp grass carp muscle, it has been found that the diameter of muscle fibers 2 International Journal of Genomics was decreased and the content of the ECM was increased [2, 4, 17] , and our team also found that the increase in the expression of type I collagen in crisp grass carp is higher than those of grass carp [5] . However, the regulatory mechanism of muscle firmness increase in crisp grass carp is still unclear.
Given that the expression of muscle firmness increase was regulated by multiple genes network [21] , it is expedient to analyze systematically muscle firmness increase of crisp grass carp in the gene levels using microarray technology, which may help to explore signal transduction pathways of nutritional regulation of fish muscle firmness. Microarray technology presents a powerful tool for revealing expression patterns and genes associated with phenotypic characteristics [22] . By determination of expression levels of thousands of genes simultaneously in muscle tissue, it could be effective to reveal global gene expression patterns and to identify genes or groups of genes associated with texture variations of Atlantic salmon [21] . In this study, crisp grass carp, having higher muscle firmness, is used to characterize the global gene expression profile in the muscle in comparison with that of grass carp and analyze the biological functions and possible signal transduction pathways that address muscle firmness of crisp grass carp.
Materials and Methods

Fish.
The grass carp and crisp grass carp are raised in six enclosures in the Dongsheng Aquatic Breeding Base (Zhongshan, Guangdong, China), and the diet of grass carp is artificial feed and the diet of crisp grass carp is sole faba bean (Vicia faba). The average weights of the specimens were 3.98 ± 0.36 kg ( = 60) for crisp grass carp and 3.45 ± 0.52 kg ( = 60) for grass carp. In this paper, living fishes were directly dissected and the white muscle tissues of three fishes were obtained for crisp grass carp and grass carp, respectively. The obtained samples were snap-frozen in liquid nitrogen and stored at −80 ∘ C for RNA extraction.
RNA Preparation.
Total RNA was isolated from white muscle using the TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instruction. The concentration of the isolated RNA was determined by measuring absorbance at 260 nm. The integrity of the RNA was determined by agarose gel electrophoresis and Agilent BioAnalyzer 2100. The RNA was used for microarray analysis and quantitative real-time PCR confirmation. Gene expression levels were determined by comparing the amount of mRNA transcript present in the experimental sample to the control. All experiments were performed following the protocol of Affymetrix Inc. RNA samples of each group were used to generate biotinylated cRNA targets. Hybridizations were performed in the Fluidics Station 450 and chips were scanned using the Affymetrix Scanner 3000. Fluorescent signal intensities for all spots on the arrays were analyzed using the Gene Chip Operating System (GCOS; Affymetrix). Following preprocessing, the data were normalized using global LOWESS normalization. Microarray data were deposited (according to Microarray Gene Expression Data Society Standards) in the NCBI Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) with the series accession number (GSE4787).
GO Category and Pathway
Analysis. The categorization of biological process GO (gene ontology) was analyzed using DAVID Bioinformatics Resources 6.7 (http://david.abcc .ncifcrf.gov/). Within the significant category, the enrichment Re was given by Re = ( / )/( / ), where was the number of differential genes within the particular category, was the total number of genes in the same category, was the number of differential genes in the entire microarray, and was the total number of genes in the microarray. The pathway analysis was conducted using KEGG (Kyoto Encyclopedia of Genes and Genomes) database. The false discovery rate (FDR) was calculated to correct the value.
value < 0.05 and FDR < 0.05 were used as the threshold to select significant GO categories and KEGG pathways.
Quantitative Real-Time PCR.
To validate microarray data, the expression levels of six genes of interest were quantified using real-time PCR with -actin as the internal control. These genes included myostatin (MSTN), collagen type I alpha-1 (COL1A1), collagen type I alpha-2 (COL1A2), and calreticulin (CALR), heat shock cognate 70-kd protein (HSP70), and heat shock protein 90 kDa alpha (HSP90) ( Table 1) . Figure 1 : GO category based on biological process for differentially expressed genes. Vertical axis was the GO category and horizontal axis was the enrichment of GO.
The cDNA synthesis was performed using 0.5 g of DNase-treated total RNA (Turbo DNA-free; Ambion, Austin, TX, USA) using TaqMan Gold Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA) and oligo-dT primers. PCR primers (Table 1) were designed using Vector NTI and synthesized by Invitrogen. The amplicon lengths were checked on 1% agarose gel. PCR efficiency was calculated from tenfold serial dilutions of cDNA for each primer pair in triplicate. Real-time PCR assays were conducted using FastStart SYBR Green Master (Roche Diagnostics, Mannheim, Germany) in an optimized 12 L reaction volume, using 1 : 10 diluted cDNA, with primer concentrations of 0. 4 ∘ C for 5 s, and 65 ∘ C for 1 min (melting curve). 45 cycles were performed. Relative expression of mRNA was evaluated using the ΔΔCT method. Statistical differences were determined by one-way ANOVA followed by Duncan's multiple range test ( < 0.05). All statistics were performed using software SPSS 15.0.
Results
The microarray analysis demonstrated that expressions of 127 genes were upregulated and 114 genes were downregulated in the muscle of crisp grass carp compared with the control group. According to the genes of differential expression, the biological processes GO terms mainly consisted of protein metabolism, muscle development and growth, carbohydrate metabolism, and so on (Figure 1) .
Genes Involved in Protein Metabolism.
Differentially expressed genes involved in protein metabolism in the muscle of crisp grass carp and grass carp were shown in Table 2 . Expressions of collagen type I alpha-1 and alpha-2, type II alpha-1a were upregulated in the muscle of crisp grass carp. Differentially expressed genes involved in the protein metabolism were clustered into biological categories including protein transport (9 genes), proteolysis (9 genes), and regulation of cellular protein metabolic process (4 genes). The 11 genes that regulate the glycoproteins were found with nine notably upregulated and two downregulated.
Genes Involved in Muscle Development and Growth.
The genes involved in muscle development and growth were classified into developmental growth (4 genes), muscle cell differentiation (4 genes), skeletal system development (4 genes), and cytoskeleton organization (14 genes) in the crisp grass carp. Above all, transcription of MSTN, which was tightly related to muscle development, was upregulated in the muscle of crisp grass carp (Table 3 ). In addition, the mRNAs of three genes responsible for tight junction were upregulated.
Genes Involved in Carbohydrate
Metabolism. Downregulated expressions of glycolytic enzymes were detected in the muscle of crisp grass carp (Table 4) . These enzymes include enolase-3, hexokinase-1, hexokinase-2, phosphofructokinase, pyruvate dehydrogenase, glycerophosphodiester phosphodiesterase and phosphatase, and tensin homolog-B.
Genes Involved in Calcium and Other Ions' Metabolism.
In the muscle of crisp grass carp, fifty-five differentially expressed genes related to metal ions were detected. The GOs Fold change = (signal intensity of a gene in the muscle of crisp grass carp)/(signal intensity of the gene in the muscle of grass carp). Fold change = (signal intensity of a gene in the muscle of crisp grass carp)/(signal intensity of the gene in the muscle of grass carp).
of these genes included zinc ion binding, calcium and iron ion binding ( Table 5) . As genes involved in vitamin metabolism, cysteine conjugate-beta lyase and KATIII were upregulated.
Genes Involved in Nucleic Acid
Metabolism. The differential expression of genes involved in protein biosynthesis occurred at multiple levels, including regulation of transcription (31 genes), RNA processing (6 genes), and tetratricopeptide-like helical domain (8 genes) (Table 6 ).
Genes of Differential Expression Involved in Other GOs.
Fifty-two differentially expressed genes were included in the GO terms of immune system development and immunoglobulin-like domain (13 genes), embryonic morphogenesis (9 genes), Golgi apparatus (6 genes), neuron differentiation (8 genes), organelle membrane (13 genes), and fin morphogenesis (3 genes) ( Table 7) .
Pathway Analysis.
To further analyze the interactional relation of all differentially expressed genes, the KEGG pathway analysis was used in this study. The results of pathway analysis found that downregulated signals in glycolysis/gluconeogenesis pathway happened in the crisp grass carp ( value < 0.01). The detailed information of glycolysis/gluconeogenesis pathway was shown in Figure 2 , which was formed from all differentially expressed genes.
Quantitative Real-Time PCR.
To verify the data obtained by microarray analysis, quantitative real-time PCR was performed for six genes, including five upregulated genes and one downregulated gene, with a -actin gene used as an internal control. The relative hybridization intensities of the six selected genes are basically consistent with those analyzed by real-time PCR, thus confirming that use of the zebrafish genome array was suitable for this study (Figure 3 ).
Discussion
In this study, we show that muscle firmness increase of crisp grass carp is tightly related to the genes of differential expression in the functional groups including differentiation of muscle fibers, deposition of extracellular matrix (ECM), glycolysis/gluconeogenesis pathway, and calcium metabolism.
Genes Involved in Differentiation of Muscle Fibers.
The decrease in the diameter of muscle fibers in crisp grass carp may be related to the downregulated expressions of MSTN and axin and differentially expressed genes involved in diminution of actin filaments. MSTN, known as growth differentiation factor (GDF)-8, was reported to inhibit the proliferation and differentiation of resident muscle cell [23] .
In this study, evidence that the growth of muscle cell is inhibited in the muscle of crisp grass carp is that, in the muscle of crisp grass carp, the transcription level of MSTN is elevated from microarray expression, and the mRNA expression of MSTN is 3.4 times that of grass carp by gene quantitative analysis. It was found that the muscle fibres of crisp grass carp were less than those of grass carp [17] . As it is an important protein constituting muscle, diminution of actin filaments in crisp grass carp muscle has been suggested by the differential expressions of genes related to actin. The downregulation of actin related protein 2/3 complex and nexilin and upregulation of capping protein in this paper suggested the diminution of the actin filaments in crisp grass carp muscle [24, 25] .
Genes Involved in Deposition of ECM.
In our experiments, muscle firmness increase of the crisp grass carp has been demonstrated in the increasing deposition of ECM, which includes upregulated expressions of collagen and differential expressions of transforming growth factor-1 (TGF-1), and the genes related to fibroblasts. As an important protein of ECM, collagen has been proven to be closely related to the firmness of muscle in fish [26, 27] . In zebrafish, deposits of collagen were positively related to the increase in muscle firmness [27] . It was documented that downregulated expression of collagen and collagenase-3 enzyme elicited reduction in the firmness of atrophying muscle of rainbow trout [26] . Our results that the expressions of type I alpha-1 and alpha-2 and type II alpha-1a collagen are upregulated in crisp grass carp are consistent with Figure 2 was formed from all differentially expressed genes that were analysed using DAVID Bioinformatics Resources 6.7 (http://david.abcc.ncifcrf.gov/).
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International Journal of Genomics the fact that collagen content in the muscle of crisp grass carp was 1.36 times greater than that of grass carp [17] . And the increase in the collagen content plays an important role in firmness increase of crisp grass carp muscle and resultant texture characteristics [2, 4] . For the upregulated expressions of type I and type II collagen, we speculate that the genes of INF-7 and procollagen-proline 4-hydroxylase (an enzyme hydrolyzing the collagen) probably play important roles in crisp grass carp. The basal expression of type I collagen was inhibited by INF-7 acting in not definitively located promoter region [28] . In the muscle of crisp grass carp, the mRNA level of INF-7 was 0.18 times that of grass carp and the transcription levels of type I and type II collagen increased. The results suggest that the inhibition of expression of INF-7 in the muscle of crisp grass carp promotes the synthesis of type I and type II collagen. The expression of procollagenproline 4-hydroxylase was downregulated in the muscle of crisp grass carp, and this may help understand the increase in the expression of type I and type II collagen. The increasing deposition of ECM in crisp grass carp muscle can also be suggested by enhanced TGF-1 signaling. Enhanced TGF-1 signaling in crisp grass carp could be demonstrated in the differential expressions including upregulated expression of TGF -induced factor homeobox-1 and downregulated expressions of both interferon regulatory factor-7 and interferon-inducible protein-kinase which are closely related to interferon inhibition of TGF-1 signaling pathway. TGF-1 is a pleiotropic cytokine known to play an important role in cell growth, embryonic development, and tissue repair and could induce the synthesis and accumulation of components of the extracellular matrix (ECM) in the muscle [29] . It was found that upregulated expression of TGF-1 correlated with increase of ECM in the muscle [30] . In addition, the significantly upregulated expression of activin A receptor in crisp grass carp in this study, a downstream gene of TGF-1 signaling pathway, further confirms enhanced TGF-1 signaling.
Besides TGF-1, the genes related to fibroblasts may play important roles in the increasing deposition of ECM. Fibroblasts were proven to produce an accumulation of fibrotic interstitial ECM components such as collagen and fibronectin [31] , growth factors [32] , and cytokines [33] . In the muscle of crisp grass carp, the mRNA level of fibroblast growth factor receptor 4 was more than that of grass carp, suggesting that fibroblast was activated. Some evidences had shown that MSTN could directly stimulate muscle fibroblast proliferation [34] , and the enhancement in the transcripts levels of MSTN further demonstrated fibroblast proliferation in the muscle of crisp grass carp. Stromal cell-derived factor (SDF) was also involved in the activation, proliferation, and migration of fibroblast and secretion of ECM [35] and played important roles in fibrosis [36] . Both SDF-1 and SDF-4 had been demonstrated to be highly expressed in the muscle of crisp grass carp than those in grass carp, suggesting that these two genes may be responsible for the increased firmness in the muscle of crisp grass carp.
Genes Involved in Glycolysis/Gluconeogenesis Pathway.
Downregulated expressions of genes involved in glycolysis, as a major source of energy in the muscle, could result in the lower expression of myofiber proteins which were closely related to muscle firmness increase [21] . In this study, downregulated glycolysis/gluconeogenesis pathway in the crisp grass carp may contribute to the muscle firmness increase of crisp grass carp. The evidence that glycolysis pathway in the muscle of crisp grass carp is downregulated is the decrease in the expressions of five glycolytic enzymes in addition to aldehyde dehydrogenase which acts on products of glycolysis. The evidence that crisp grass carp have lower levels of anaerobic metabolism is that they have lower velocity of both glycolysis and TCA cycle. On the contrary, higher rates of aerobic metabolism in crisp grass carp are demonstrated by the upregulated expressions of mitochondrial genes. Larsson et al. also found that the firmness of Atlantic salmon muscle was associated with high rates of aerobic metabolism [21] . In addition, differential expression of genes involved in glucose utilization has also been found in the change of muscle texture under nutrition restriction [26, 37, 38] . However, the function and mechanism of glucose utilization acting in the muscle firmness increase still need further exploration.
Genes Involved in Calcium
Metabolism. Calcium could activate the increase in the density of filamentous myosins [39] , and the increasing density of filamentous myosins contributes to the muscle firmness increase [10] . The previous results that the calcium content in crisp grass carp [40] and the density of filamentous myosins were increased [17] could further help to understand the muscle firmness increase in crisp grass carp. In this paper, the expressions of seven genes related to calcium including calreticulin (CRT), calmodulin (CaM), and cadherin protein (Cad) were found with upregulated mRNA expression. CRT, as one of the major calcium-binding proteins of the endoplasmic reticulum, was involved in the regulation of intracellular Ca 2+ homeostasis and endoplasmic reticulum Ca 2+ storage capacity [41] , and its overexpression increased calcium fluxes across endoplasmic reticulum [42] . CaM, a protein that binds calcium with high affinity and specificity, serves as an intracellular Ca 2+ -receptor and mediates the Ca 2+ regulation of cyclic nucleotide and glycogen metabolism, secretion, motility, and Ca 2+ transport [43] . Thus, an increase in the Ca 2+ content of crisp grass carp muscle [40] further contributed to increased expression levels of calcium-dependent proteins including CaM and Cad [44] . In addition, downregulated expressions of three genes including desmocollin, guanylate cyclase activator, and zgc:136759 would help the study of calcium regulation in crisp grass carp.
Heterohybridization to Zebrafish cDNA Microarray and
Its Application to Grass Carp. Affymetrix zebrafish chip has been proven to be a valid way to examine the gene expression Fold change = (signal intensity of a gene in the muscle of crisp grass carp)/(signal intensity of the gene in the muscle of grass carp).
profiling of grass carp muscle. Because DNA microarrays are unavailable for grass carp, the Affymetrix zebrafish chip was used in this study. Grass carp is near to the zebrafish in an evolutionary sense, and these two species were a family of Cyprinidae. The Affymetrix zebrafish array had been used to screen gene transcript profiles of grass carp recently, and the 416 genes of differential expressions were found to be related to the use of LS as an alternative dietary antibiotic in fish [45] . Use of cross-hybridization with microarrays for analysis of closely related species also had been reported by other researchers. A cDNA microarray from African cichlid fish, Astatotilapia burtoni, had been proven to be a powerful tool for analyzing the transcription profile of other cichlid species including Enantiopus melanogenys and Neolamprologus brichardi and Oreochromis niloticus [46] . The microarray composed of channel catfish (Ictalurus punctatus) transcripts was effectively used to analyze gene expression profiling of blue catfish (Ictalurus furcatus) [47] . The Affymetrix zebrafish array was also used to screen gene expression profiles of distantly related species, and it was found that 375 genes were significantly expressed in the muscle tissues of Chinese mandarin fish (Siniperca chuatsi) [48] . Such applications indicated that use of the zebrafish genome array could be a valid way to examine grass carp, and a conclusion was strongly supported in the current study by real-time RT-PCR validation.
In conclusion, during the muscle firmness increase from grass carp to crisp grass carp, a total of 127 transcripts were found to be upregulated and a total of 114 transcripts were downregulated. Strong correlation with muscle firmness increase of crisp grass carp was found for these genes from differentiation of muscle fibers and deposition of ECM, and also glycolysis pathway and calcium metabolism may contribute to muscle firmness increase. However, a number of genes with unknown functions may be related to muscle firmness, and these genes can be regarded as candidate markers of nutritional regulation of grass carp muscle firmness.
